Quantitative Image Analysis (QIA) of digitized whole slide images for morphometric parameters and immunohistochemistry of breast cancer antigens was used to evaluate the technical reproducibility, biological variability, and intratumoral heterogeneity in three transplantable mouse mammary tumor models of human breast cancer. The relative preservation of structure and immunogenicity of the three mouse models and three human breast cancers was also compared when fixed with representatives of four distinct classes of fixatives. The three mouse mammary tumor cell models were an ER þ /PR þ model (SSM2), a Her2 þ model (NDL), and a triple negative model (MET1). The four breast cancer antigens were ER, PR, Her2, and Ki67. The fixatives included examples of (1) strong cross-linkers, (2) weak cross-linkers, (3) coagulants, and (4) combination fixatives. Each parameter was quantitatively analyzed using modified Aperio Technologies ImageScope algorithms. Careful pre-analytical adjustments to the algorithms were required to provide accurate results. The QIA permitted rigorous statistical analysis of results and grading by rank order. The analyses suggested excellent technical reproducibility and confirmed biological heterogeneity within each tumor. The strong cross-linker fixatives, such as formalin, consistently ranked higher than weak cross-linker, coagulant and combination fixatives in both the morphometric and immunohistochemical parameters.
Histopathology is in an era of cooperative studies including immunohistochemical and molecular analyses that require increased use of standard operating procedures (SOPs) and quantitative scrutiny. 1 Before applying this new technology to cancer research, practicing pathologists need to have suitable measurements of technical and biological variation that affect the analysis. In an empirically heterogeneous tissue such as neoplasia, one must establish a basis for comparing one set of observations with another. Using relatively uniform tumor models can provide the baseline data.
This project was also stimulated by the increased interest in various 'universal fixatives' that are designed to optimize the preservation of the molecular data yet preserve the pathology, and by the desire to reduce the use of formalin. 2 Practicing pathologists are now confronted with the bewildering literature containing interesting observations on new fixatives but lacking well-controlled comparisons to validate the various claims. 3 This era has also seen an abundance of new fixatives coming to market. The new and old fixatives have been reviewed in a 2009 report from the National Health Services Purchasing and Supply Agency. 3 With the multiple variables involved, it is difficult to compare one study with another. Since any significant changes in SOP could interfere with workflow, instituting change must be justified by evidence that supports the new procedures.
The documentation for each fixative has been largely based on appropriate molecular data coupled with assessment by one or more 'experienced' or 'expert' pathologists. 17, 26 Most studies involve the use of human tissues with unknown and poorly documented characteristics. Moreover, relatively few studies involve rigorous comparisons between formalin and other fixatives. 3 This rather interesting approach, in our estimation, ignores many technical and biological issues confronting the pathologist. One rarely sees measures of technical reproducibility and biological variation or acknowledges tumor heterogeneity in the context of immunohistochemistry (IHC) or fixation. Thus, the reader has little or no measure of reproducibility or variability in most studies. Therefore, an experimental design that includes recognition of reproducibility and variation was developed.
Representatives of the four major fixative classes were used: (1) strong cross-linkers (formaldehydes); (2) weak cross-linkers (glyoxals); (3) coagulants (alcohols); and (4) combinations of cross-linkers and coagulants (Table 1) . At least one reagent from each of the four major fixative classes was analyzed in every experiment. In most cases, the fixative reagents were purchased commercially, and the choice of fixatives was primarily driven by availability on the retail market so that readers could obtain identical reagents, if desired. An IHC panel was performed for identification of four principal breast cancer-related antigens: Her2/ErbB2, ER, PR, and Ki67 (IHC4 biomarker panel). 30 All slides were scanned to generate digital whole slide images (WSI).
Quantitative image analysis (QIA) was used to provide more precise data, which should be reproducible in independent laboratories. The initial steps involved evaluation of the technology with validation of the technical and biological reproducibility and variance. The generation of quantitative data permitted statistical analysis of the morphometric parameters and IHC staining. Rank orders for each parameter were developed based on the numerical data. The observations using the mouse mammary tumors were compared, confirmed, and validated using three human breast cancers that were available for comparable fixation and processing. It was the aim of the study to determine the differences in morphology and immunophenotyping assays resulting from different fixatives. To provide this comparison, additional parameters (eg, antigen retrieval) were held constant in all experiments even though it might be possible that some fixatives would benefit from tailored optimization. We found statistically significant differences in an array of 
Cell lines
Three transplantable murine mammary tumor cell lines were used ( Table 2 ). The SSM2 cell line was developed and provided courtesy of Drs. Robert Schreiber and Szeman Chan (Washington University School of Medicine, St Louis, MO). 31 This cell line was developed from a mouse lacking STAT1 activity (129S6/SvEv-Stat1 tm1Rds ) and had spontaneously developed an adenocarcinoma in the mammary gland. SSM2 cells were injected into 129S6/SvEv female mice. The Met-1 tumor cell line was developed in our laboratory. 32 The NDL-1 cell line was also developed in our laboratory from a tumor that arose in a transgenic mouse with an active neu gene expressed in the mammary gland. 33 All cell lines were stored in liquid nitrogen until use and were of relatively low passage numbers anywhere from 12 to 27. Cells were grown in the appropriate culture media supplemented with 10% fetal calf serum. 32 Cultures that reached at least 70% confluence were trypsinized, washed three times with PBS and counted. ) was injected bilaterally into the uncleared #2, #3, and #4 fat pads of 6-to 8-weekold mice. For the SSM2 cell line, the recipient mouse strain was 129SvEv and for the NDL and Met-1 cell lines, the recipient mouse strain was FVB/NJ. Following transplantation, mice were palpated twice weekly to monitor tumor take, which equaled or exceeded 90%. The tumors were usually palpable within 10-14 days after transplantation. The tumors were allowed to grow to 5-10 mm in greatest dimension. In our experience, tumors larger than 10 mm are frequently necrotic, resulting in fewer viable tumor cells.
Tissue harvest
To remove the tissues, mice were first anesthetized using Nembutal (60 mg/kg) and selected tissues removed from live, anesthetized animals in a specific order. Following organ removal, the mice were euthanized using an overdose of Nembutal (120 mg/kg). In experiments where multiple tissues were harvested, tumors were removed first to significantly decrease trauma and blood loss. Subsequently, the uterus was removed and then the liver. All tissues were immediately cut into 1-2 mm slices using a razor blade or scalpel and placed immediately into the experimental fixative or frozen in liquid nitrogen (see Figure 1 for experimental flow). 
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Specimen triage
In total, 11 Met-1 tumors, 13 SSM2 tumors, and 9 NDL tumors were processed for these experiments ( Figure 1 ). Each tumor was sliced into five to ten 1 mm slices depending on its size. The 1-2 mm slices from each tumor were divided between flash frozen (3-5 slices) and fixed in formalin (1 slice), Telly's (1 slice), and at least two additional fixatives of other fixative types (1 slice each). In some cases, the tumors were large enough to provide sample slices for up to four additional fixatives. The number and type of additional fixatives used for any given experiment were dependent on reagent availability and size of the tumor. The sample distribution is presented in a workflow diagram (Figure 1 ). The time for completion of these procedures did not exceed 5 min per mouse.
Human tissue sampling
Evaluation of various fixatives was also performed on three human breast cancer samples. Surgically removed samples were placed in PBS, chilled on ice, and transported from the UC Davis Medical Center (Sacramento, CA) surgical suite to the UC Davis Medical Center Pathology Department (Sacramento, CA). Samples were then cut into small, 1-2 mm pieces by a breast pathologist (ADB) and placed in the appropriate fixatives. Time lapse from surgery to initiation of fixation varied but was never longer than 45 min. All samples were collected under a protocol approved by the UCDMC Institutional Review Board.
Tissue Fixation and Processing
The 1-2 mm tissue slices were quickly placed in one of the fixatives described in Table 1 . The resulting ratio was B1 part tissue to 50 parts fixative. In addition, 3-5 tissue pieces 2 mm thick were placed in separate plastic freezer vials and immediately flash-frozen in liquid nitrogen, followed by storage at À 801C. According to manufacturer's specification, tissues fixed in PAXGENE (Qiagen, Valencia, CA) were placed in 'fixative solution 1' for 1 h followed by placement in 'fixative solution 2'. Tissues in all other fixatives remained at room temperature for 18 h. Table 1 describes the different fixatives used in the study.
Tissue embedding, H&E and Feulgen staining
The Tissue-Tek VIP autoprocessor (Sakura, Torrance, CA) was used to process tissues which were then embedded in Paraplast paraffin (melting temperature 56-601C), sectioned to 5 mm and mounted on glass slides. In all experiments, sections were stained using Mayer's hematoxylin and eosin to facilitate the histology and morphology evaluation. Other sections from the same blocks were stained with a Feulgen stain kit (American MasterTech, Lodi, CA), using the manufacturer's suggestions to enhance the nucleus, thus increasing accuracy for quantitating nuclear size and nuclear/ cytoplasmic (n/c) ratio (see Figure 2a ).
Immunohistochemistry
The antibodies used for this project are listed in All IHC was performed manually without the use of automated immunostainers. The same antigen retrieval method was used for all IHC and was performed using a Decloaking Chamber (Biocare Medical, Concord, CA) with 10 mM citrate buffer at pH 6.0, 1251C and pressure to 15 p.s.i. The total time slides were in the chamber was 45 min. Two other antigen retrieval methods were tested with a small group of samples to compare with the citrate decloaker method. For comparison for ER antigen retrieval, we tested an additional waterbath method with citrate buffer and a decloaker method using a Tris-EDTA buffer. The results of that comparison and the additional antigen retrieval methods are provided (Supplementary Table S1 ). An antigen retrieval comparison was also done for Her2 between the citrate decloaker method and water bath method. The results of that comparison are provided (Supplementary Table S2 ). Incubations with primary antibodies were performed at room temperature overnight in a humidified chamber. Normal goat serum was used for blocking. Biotinylated goat antirabbit (1:1000) was the secondary antibody used with a Vectastain ABC Kit Elite and a Peroxidase Substrate Kit DAB (Vector Labs, Burlingame, CA) used for amplification and visualization of signal, respectively. Tissues known to contain each assessed antigen were used as positive controls. In some instances, the tissue used in the study (eg, NDL tumor for Her2 staining) was the best positive control. Antibody deletion controls were used for every assessed antigen to confirm specific staining.
QIA and Data Acquisition
The quantitative analysis is based on slides from 51 tumors in 18 mice from 12 core experiments (see Supplementary Table  S3 for details of tumor and animal distribution). All slides were scanned and digitized using the Aperio ScanScope XT to capture digital WSI using the Â 20 objective lens at 0.5 mm/ pixel and stored in the Aperio Spectrum version 10 customized for laboratory workflow. QIA was performed using Spectrum version 10 and version 11, based on the FDAapproved algorithms supplied by the manufacturer with modifications as described.
The digital WSI were analyzed using Aperio ImageScope software (http://www.aperio.com/pathology-services/imagescope-slide-viewing-software.asp). The data for each slide were automatically stored in the Aperio Spectrum database. The data were analyzed using Excel and the R environment for statistical computing.
Pre-analytical Annotation Tumor morphology
The mouse tumor types used in the study are described in Table 2 . These tumors were selected based on their resemblance to human breast cancer phenotypes and their stability when serially transplanted in host mice. Although the morphology and antigenicity of each transplant line mostly remained consistent, variant areas and variant transplants were identified morphologically and eliminated from the study to reduce heterogeneity as much as possible. For example, the SSM2 from 129S6/SvEv-Stat1 tm1Rds 31 and Met-1 cells from Tg(PyVmT) 32 had a tendency to undergo epithelial-to-mesenchymal transition (EMT) in some transplant generations and these samples were eliminated from the study.
Quantitative image analysis
The manufacturer's (Aperio Technologies, Inc.) FDAapproved algorithms were initially used to quantify nuclear and membrane staining. [34] [35] [36] Each sample was re-examined with and without the overlay containing the morphometric images to verify its accuracy. The manufacturer's product manual emphasizes that the accuracy of the algorithms is highly dependent upon the selection of the area for analysis on the WSI (annotation) and should be performed by experienced professionals. In some instances, customization of algorithm parameters was required. For example, areas of necrosis and fibrosis were excluded from tumor morphometric and IHC annotations. In another example, Quantitative comparisons of fixatives RD Cardiff et al the original nuclear algorithms did not identify all hepatocytic nuclei using hematoxylin staining. Feulgen stain for DNA was the most consistent nuclear stain, but the IHC nuclear algorithm required customization to exclude cells other than hepatocytes (Figure 2a ). Mouse uterine myometrium (outer layer) was used as a positive control for ER and PR staining since that layer is constant through the estrous cycle. 37 False positives and false negatives Pre-analytical surveys were performed to detect tissues, fixatives, and stains that produced false positives or negatives. For example, fixatives can affect the intensity of the counterstain. When samples were processed in the same batch, some fixatives varied in hematoxylin stain intensity. Light nuclear counterstaining resulted in significant 'nondetection' of visible nuclei by the algorithm, decreasing the total cell count. These regions had falsely higher 'percentages' of positive cells. Therefore, the total 'positive cell density' was calculated and used as the quantitative measure. In most cases, the rank orders were usually the same when both percentages and positive densities were used. However, a discrepancy between percent positive cells and total positive cell density stood out when the weak cross-linker fixatives were used and were particularly notable with the Ki67-stained slides. Thus, the total positive cell density was uniformly used to compare the fixatives.
Quantitation of tissue shrinkage in liver
The IHC nuclear algorithm developed by Aperio in ImageScope was customized to limit detection to hepatocytes in Feulgen-stained liver tissue sections. Briefly, because a Feulgen staining procedure was used, optical density (OD) parameters were adjusted. In addition, since hepatocyte cell nuclei are relatively large, the minimal accepted nuclear size was adjusted. Hepatocyte nuclei are mostly round, compact, and visually well-defined so the roundness and compactness setting were adjusted. The nuclear/cytoplasmic ratio was calculated by subtracting the total nuclear area from the total area in a selected region and dividing the nuclear area by the total area minus the nuclear area.
Quantitation of tissue shrinkage in tumor
The default settings of the Aperio Positive Pixel Count (PPC) algorithm quantify the amount of stain present in the area of analysis. Pixels that are stained, but do not fall into the positive-color range, are considered as negative stained. Since tissue shrinkage (especially in tumor) leaves empty-space artifacts, the decreased tissue area could be quantified by calculating the ratio of empty area vs filled area (regions where pixels are detected). Accordingly, the PPC algorithm was customized to report non-empty areas as 'strong pixels' (red on the overlay) and the empty areas as 'weak pixels' (yellow on the overlay, see Figure 3 ). The shrinkage ratio is then calculated by dividing the number of weak pixels by the total pixels. Several areas within each tumor section were annotated and analyzed for the degree of shrinkage. For each section, a mean shrinkage ratio was calculated and compared with other tumors among the fixatives.
QIA of ER, PR, Her2, and Ki67 staining Stained, scanned slides were analyzed using the Aperio 'IHC Membrane' and 'IHC Nuclear' algorithms except as noted below. The areas for analysis of each were selected by 
Algorithm modifications
The outer layer of the mouse uterine myometrium was used for analysis of ER and PR staining since it remains constant through the various stages of the mouse estrous cycle. 37 At least five separate areas were selected with a modification of the Aperio 'IHC Nuclear' algorithm to quantitate the number and intensity of stained nuclei. To compensate for granular Ki67 staining within the nucleus of human cancer tissue, the IHC nuclear algorithm parameters were modified. The averaging radius, which controls the amount of blurring between pixels, was increased from 1 to 1.7 mm, while the 'threshold type' parameter was changed from 'edge rejection' to 'manual'. The 'lower Intensity threshold' was set at 30 and the 'upper intensity threshold' was set at 190. This modified algorithm was used only for human tissue stained with Ki67.
Density:intensity graphs Raw data obtained from image analysis include calculations of percentages and absolute numbers of positive and negative cells, and the area scanned (Figures 4 and c) . These data indicate the number of events recorded and can be used to assess the magnitude of differences between fixatives. The data are then normalized by conversion into density of positive cells per unit area for each fixative. The relative values were then ranked from 1 to 4 for comparison with other tumors. For more accurate representation of the number of positive stained nuclei, a novel density:intensity graph was developed (Figures 4b and d) . After the algorithm was executed, the data were exported and analyzed using the R environment for statistical computing. The data represented the frequency of cells in the annotation with a given intensity in optical intensity units (OIU), binned in 240 steps from 0.0 (lightest) to 1.0 (darkest). Graphs of this data give a more detailed view of the intensity data than percent positive nuclei. To compare data from multiple annotations on the same axis, a line plot was used instead of a columnbased graph. Annotations covering a larger area of tissue could not be directly compared with smaller annotations, so the data were normalized by dividing by the size of the annotation, yielding density in cells/mm 
Statistical Methods
Descriptive summaries of each outcome measure (mean, standard deviation, range, quartiles) were prepared to assess whether transformation would be necessary before fitting linear models. In some cases, log transformation was necessary to stabilize variances and reduce impact of long tails (outliers). For each outcome measure, fixatives were compared using analysis of variance treating experimental condition as a fixed effect that could modify the underlying mean value of the outcome measure. For each outcome measure, an overall assessment of the differences between fixatives was provided by the F test for fixative in the ANOVA table. Comparisons between individual pairs of fixatives were then carried out using Tukey's studentized range procedure (See Supplementary Tables S4-S15 ). Graphical summaries of comparisons used the least-squares.
Mean estimate rank
To compensate for well-documented biological heterogeneity of tumors, the data were also analyzed by rank. 38 The ordinal rank order for each value was calculated by assigning the maximum value in a given experimental group as 1. The other values for that parameter were then ranked in numerical order 1 through 4. In experiments with 44 fixatives the rank order was capped so that any fixative with a rank lower than 4 was set to 4. The use of fractional ordinates allowed direct comparison of experiments with four fixatives with experimental groups with five or more fixatives.
For any given group of experiments, the rank orders are represented as mean ranks, weighted mean rank, and/or mean class rank. For mean rank, the values for the given fixative for all tumors were summed and compared with all other sums to establish rank order. This, in essence, gives the rank-by-experiment. The 'weighting' was done by first establishing the rank order of the fixatives within each individual tumor and then summing these ranks for each fixative and dividing by the number of tumors to find the mean rank over all tumors in all experiments involving that fixative. This, in essence, gives rank-by-tumor. The fractional averages reflect the overall average. The mean class rank was established by summing the rank within a class of fixatives and dividing by the number of fixatives in that class.
RESULTS
Faced with numerous variables affecting preservation and preparation of diagnostic samples, 10 these studies used highly controlled SOPs and standard tissues. The evaluation of results utilized computer-based QIA rather than subjective evaluations by pathologists. Three transplantable mouse mammary tumor cell lines were used to measure biological variability with rigorous control over fixation and processing variables such as tissue characteristics, sample size, and time from excision to fixation. Next, a standard immunohistochemical panel for breast cancer was assessed (IHC4 Biomarker Panel). 30 The IHC4 panel uses antibodies that are among the most rigorously controlled and regulated assays in clinical practice and recommended for large-scale studies. 30 Finally, the QIA data involved morphometrics and IHC. These data allowed validation of the methods used with evaluation of technical and biological variability. These data were then integrated into assessment of the relative preservation characteristics or various fixatives using standard statistical measures where appropriate and nonparametric rank order comparisons.
Preliminary Experiments
Each of the initial 11 fixatives was evaluated by a pilot experiment that compared the given fixative with both neutral-buffered formalin (NBF) and Telly's. If the morphometric results were comparable, then the fixative was used in at least three additional experiments. When the morphometric results revealed major deficiencies using a given preservative such as poor antigen preservation or excessive shrinkage, the fixative was eliminated from further consideration and not used repeatedly. The full list of experimental comparisons of fixatives is primarily reported in Supplementary Data. Fixatives evaluated but eliminated for unacceptable performance in one or more categories include FineFix, Mirsky's, Methacarn, Zn7, and Z-Fix. This approach allowed conservation of our resources, simplified analyses and concentration of efforts on a limited number of fixatives to assure more thorough statistical analysis.
Morphometrics
Liver Since liver has been used previously to evaluate the effect of fixation, 39 it was used as a 'standard normal control' for comparison with the tumor tissues. The number of hepatocytic nuclei/unit area has been a common metric. 39 The liver provides a measure of shrinkage and a record of the natural biological variation and technical reproducibility.
With Feulgen staining, the samples within the four fixation categories were consistently similar, indicating reproducibility between experimental samples. The mean and standard deviation of nuclear size, nuclei/unit area, and n/c ratio varied in only a few instances (Figure 2 ). No statistically significant morphometric differences were observed between the livers of the two mouse strains (FVB/NJ and 129S6/SvEv) (Supplementary Figure S1) .
Differences in mean nuclear size for liver were statistically significant (Po0.001) across fixatives (Supplementary  Table S4 ). Adjusted P-values were smaller than 0.05 only NBF compared with Telly's (Supplementary Table S4 ). Mean liver nuclei per mm 2 (Supplementary Table S5 ) differed significantly across fixatives (Po0.001). Mean n/c ratio for liver also differed significantly across fixatives (Po0.001; Supplementary Table S6 ). An overall mean rank based on the combined rank for all liver morphometric data is provided for each fixative (Supplementary Table S7 ).
Tumors
The different fixatives affected the cytology and histology of the tumor tissues when inspected visually. While the details of the cytology were notable, the major changes were in the degree of (Figure 3 ).
The tumor mean nuclear size also differed significantly (Po0.001) across the fixatives. After adjusting for experiment, NBF had the greatest area, while all other fixatives consistently fell below NBF and did not statistically differ (P40.05) from each other (Supplementary Table S9 Table  S10 ). The mean rank order (Figure 3c ) also indicated that strong cross-linkers had the least shrinkage.
Immunohistochemistry

ER and PR normal tissue
The uteri from each transplant recipient mouse was removed and processed and the outer layer of the myometrium used as the standard normal tissue for ER/PR IHC in each experiment. Pieces from the same uterus were placed into the various fixatives of each experiment. The image representation of the staining of ER with each fixative can be viewed (Supplementary Figure S2) . LS Mean percent ER-positive nuclei differed significantly across fixatives (Po0.001) with pairwise comparisons (Supplementary Table S11 ). The means for fixatives, adjusted for experiment, fell into two distinguishable clusters (Supplementary Table S11) : HistoChoice, NBF, Telly's, and Prefer with relatively high percent positive nuclei (all above 66%), and Boon's and PAX all below 49%.
LS-Mean percent PR-positive nuclei differed significantly across fixatives (Po0.001; Supplementary Table S12). Similarly to the ER, NBF, HistoChoice, Prefer, and Telly's clearly displayed higher values compared with Boon's and PAX and so the overall trends for ER and PR were similar.
Careful observation of the annotated fields during QIA of IHC-stained slides revealed that the weak cross-linking, glyoxal-based fixatives frequently had weak hematoxylin staining of the nuclei. This led to a relatively lower count of IHC-negative cells per unit area (density) and a relatively high percent of positive cells. When adjusted for unit area, the glyoxal-based fixatives had a lower density of positive cells per unit area.
NBF and Telly's fixatives were used in all experiments, providing an opportunity to judge the consistency of staining between experiments and to a certain extent to assess biological variation. The average percentage of positive nuclei for uteri (n ¼ 16) fixed in NBF and stained for ER was 72.3% (Supplementary Table S13) , and for PR, 58.6% (Supplementary Table S12 ). The average percentage of positive nuclei for n ¼ 16 uteri fixed in Telly's and stained for ER was 67.5% (Supplementary Table S13) , and for PR, 35% (Supplementary Table S12 ). Rank order for ER and PR was similar (Supplementary Table S13 ). Based on the rank order, NBF, HistoChoice, and Telly's were close and as a group led the other fixatives (average o2). These belong to the fixation categories strong cross-linker, weak cross-linker, and cross-linker with alcohol, respectively. The next cluster ranked 3 or higher. The lowest group all ranked 4 (for a summary ranking based on all measured parameters, see Table 4 ).
Ki67 in standard tissue
No one normal organ or tissue exhibited a fixed proportion of Ki67-positive cells. However, each run was accompanied by normal human tonsils and normal mouse lymph nodes as positive and negative (primary antibody deletion) controls. All data within a given experiment were compared in rank order.
ErbB2 standard tissues
Like Ki67, establishing a standard for ErbB2 represented a challenge without a consistently positive normal tissue. Previous tumor samples known to be ErbB2 positive were used as external positive and negative (antibody deletion) controls. The NDL mammary tumor, which overexpresses ErbB2, was chosen as the standard.
Mouse Mammary Tumors
The three mouse mammary tumor cell lines (Met-1, SSM2, and NDL-1), modeling three classes of human breast cancer (triple negative, luminal, and Her2 positive), were transplanted into syngeneic mice and allowed to grow 10 mm before harvesting for processing (Table 2) .
IHC4 biomarker panel
Antigen preservation was the key element in our assessment of fixatives. Quantitative comparison of antigens was performed using three statistical criteria and evaluated by rank order within each experiment. The usual assessment of tumor antigens is based on the opinions of trained experts who score antigenicity by percent positive tumor cells and, in some modifications, the most prevalent intensity, resulting in a composite score (Allred score 40 and H-score 41 for diagnosis/prognosis). The results here are represented using a unique graph that demonstrates the density of cells in each stain-intensity bin. Although bins have been used before to show stain distribution, the unique graphs allowed more detailed analysis. The biological variation from tumor to tumor within any given cell line was large enough to create overlaps between some fixatives in the same tumor type. Therefore, rank order was also used within the given tumor sample. The reproducibility and variability are reported below.
Reproducibility
Reproducibility and variance in biological systems is a major, but rarely documented, concern. Tumor heterogeneity can be an additional interpretive challenge. 36 Technical reproducibility was demonstrated by staining serial sections of the same tumor fixed with NBF. The reproducibility is recorded by the percent tumor cells staining and positive cell density. In the case illustrated ( Figure 5 ), 15 serial sections from an SSM2 tumor were stained with anti-ER (sections 1-5), anti-PR (sections 6-10), and anti-Ki67 (sections [11] [12] [13] [14] [15] antibodies. The fidelity is illustrated using positive cell density:nuclear stain intensity graphs that show superimposed curves ( Figure 5 ).
Technical reproducibility was tested by repeating the same IHC staining on the five serial sections. The graphs show the limited variance ( Figure 5 ). Note that the overall Figure 6 Biological variance within SSM2 tumors for ER, PR, and Ki67. Slides from four separate SSM2 tumors in the same mouse. Graphs represent ER, PR, and Ki67-stained slides analyzed with the nuclear algorithm and binned based on intensity (0 ¼ lightest and 1.0 ¼ darkest) in optical intensity units (OIU). Y axis is density in cells per mm 2 . Compare the marked difference in the four tumors as compared with the serial sections from one tumor in Figure 5 . The top row represents tissue fixed in NBF and can be compared with Telly's fixed tissue (bottom row). Note that both fixatives illustrate the biological variance between tumors in the same mouse.
Quantitative comparisons of fixatives RD Cardiff et al density:intensity results, rank order. and interpretation were similar for the serial sections. Biological variance between samples of the same tumor cell line was determined by examining multiple tumor explants from the same passage of cultured cells transplanted into the same recipient host at the same time and harvested and processed at the same time. The example illustrated includes four SSM2 tumors from the same animal ( Figure 6 ). In this case, as Figure 7 Illustration of tumor heterogeneity using immunohistochemistry and IHC nuclear algorithm overlay. Stained serial sections from an SSM2 ER þ , PR þ , Her2 À mammary tumor are compared. Using the algorithm overlay (a, c, e), nuclear antigens ER (a), PR (c), and Ki67 (e), stain at different intensities within the tumor. Note the more red, orange color (more intensely stained positive nuclei) in the lower part of the tumor in (a) and (c) and a more blue color (negative nuclei) in the upper part of the tumors. Ki67 staining is more evenly distributed (e). Supplementary Table S16 contains the QIA summary that documents the magnitude of the differences between the high and low areas for ER, PR, and Ki67. Structural antigens CK19 (b), CK14 (d), and CK5 (f) illustrate tumor heterogeneity with reciprocal staining. Note blue negative staining areas for CK19 (b) appear to be positive for CK14 (d) and CK5 (f) and some CK14-positive areas, negative for CK5. Scale bar length is 1 mm.
might be expected, the variance is greater than that can be accounted for by technical variation. Biological variance among tumors was one factor that led to the use of rank order. Intra-tumor heterogeneity, another concern, is also demonstrated in the SSM2-based experiment ( Figure 5 ). This tumor shows intratumoral heterogeneity, which is demonstrated by comparing serial sections of one tumor using cytokeratins (CK) IHC ( Figure 7) . As illustrated, CK19 and CK5 stain almost completely different cell populations of cells within the SSM2 tumor. CK14 distribution seems to overlap the other two. Thus, the tumor itself has at least three demonstrable populations. Of interest, the ER and PR stain is heavily concentrated in the CK19 population but Ki67 stain is not (Figure 7 ). These illustrations emphasize the levels of technical reproducibility and biological variance.
Antigen Preservation ER/PR
Fixative type affected immunohistochemical staining ( Figure 4 ). As indicated above, the fixatives were rated by multiple criteria: standard error of the mean, rank order by percent, and rank order by density. They were further analyzed on the basis of their rank per animal and per tumor. In general, NBF ranked, or scored, as number one, but other cross-linking fixatives such as Telly's, Prefer, and HistoChoice had closely related ranks and scores (Supplementary Tables S14 and S15 ). The most dramatic fixative effect was observed with ER and PR. In general, the fixatives containing strong and weak cross-linkers offered the highest percentage of ER-and PR-positive cells while the coagulants often drastically reduced the staining for ER and PR (Figure 4 ).
Ki67
Since all of the tumors display cell division, all mouse tumor IHC results for Ki67 could be pooled for stringent parametric statistical comparisons. However, since different tumor types with different proliferative rates were used, the data are most accurately presented in relation to the tumor type (Tables 5-7) . As a further refinement to account for the biological variability between tumors of different types and of the same type, the data were also analyzed by rank order for each tumor in each animal expressed as 'weighted means' . When viewed as a rank order by animal, which sorts according to the fixative and the individual animal, NBF, Prefer, Telly's, and HistoChoice are the highest ranking ( Table 8) .
As discussed, light counterstain might result in missed nuclei by the algorithm, thereby affecting the digital scoring. Thus, density of positive cells per mm 2 was used to eliminate any miscalculation of negative cells. When the Ki67 staining was ranked according to positive cell density, HistoChoice fell from second to the sixth rank using both mean rank and weighted means and elevated Telly's to second rank while NBF maintained its first rank (Table 8 ). Figure 8 provides visual confirmation of the results. Statistically significant differences are in boldface.
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ErbB2
ErbB2 IHC was somewhat complicated and limited to one mouse tumor type (NDL), which has very high levels of antigen expression. Further, the antibodies commonly used for IHC in the clinical laboratory gave high background on mouse tissues. When using a more specific monoclonal antibody, the differences among fixatives were not statistically significant at the dilutions used (data not shown). Thus, the human sample was more informative.
Human Breast Cancers
Three human cancers were obtained under optimal conditions for processing and comparison (characteristics in Table 2 ). The preservation of antigens (IHC) in these three cases is illustrated in Figure 9 . Since only one of the tumors expressed ER, PR, and Her2, only Ki67 could be statistically compared in all three cases ( Table 9) . As predicted by the parallel studies with the mouse tumors, NBF and Telly's ranked 1 and 2. The ER, PR, and Ki67 staining in human showed the same sensitivities to fixatives as in the mouse tumors with diminished staining with the coagulating fixatives ( Figure 9 ). However, the IHC for Her2 revealed a profound fixative effect (Figure 9 ), the magnitude of which was documented with the density:intensity graphs (Figure 10 ).
DISCUSSION
The effects of fixation and processing on IHC are apparent to any experienced morphologist. A number of studies have used panels of pathologists to validate the use of one fixative over another. The morphology and IHC are frequently reported as 'comparable' to formalin. However, the reliability, reproducibility, and documentation of empirical observations between pathologists are open to question. Further, the degree of differences in the IHC preparations are difficult to document without accounting for observer bias. QIA offers a technology that promises to be more reproducible with unbiased documentation if appropriate morphometric parameters can be developed and applied. We report here the application of QIA to morphology and IHC while dealing with a specific problem involving the effect of various preservatives on the morphology and antigenicity of breast cancers. Samples of mouse models of three different types of human breast cancer and three separate human breast cancers were evaluated by two experienced breast pathologists and by QIA. Representatives of four classes of fixatives were used and the results were analyzed using the algorithms provided by the manufacturer. The preset parameters were adjusted and false negatives and false positives were identified during the pre-analytical stage to minimize obvious technical errors. In addition, a unique Density:Intensity (D:I) graph was developed, which allowed detailed comparison between samples. The D:I graphs provided representation of the full range of IHC events that documented technical and biological reproducibility and variance. Intratumoral variation was also readily apparent and documented. Bulk analysis of the raw data revealed statistically significant differences in the morphological and antigenic preservation with different fixatives. However, such analyses did not adequately represent the empirical observations of our pathologists. The bulk analyses obscured very relevant biological variation and tumor heterogeneity observed by our pathologists and documented by QIA. Therefore, an ordinal rank order was applied that accounted for variation and heterogeneity and, in our opinion, most accurately represented the empirical observations. We are confident that this approach using D:I graphs and ordinal rank order can be useful when applied to similar problems in analysis of cancer.
The major issues in this study involved the documentation of technical reproducibility and biological variance.
Pre-analytical verification of all data sets by experienced morphologists was required to detect variations in reagent reliability and false positive and false negative digital annotations. When the technical variables were carefully controlled, the density:intensity graphs documented excellent technical reproducibility. However, the element of human judgment was still required for validation of the results.
Although technical reproducibility within each experiment was excellent, greater biological variability was measureable between experiments. The magnitude of biological variance was reflected when multiple tumor transplants of the same cells were placed into the same or different mice. Although variability was demonstrable within the same transplant generation, greater variation was discernible between different transplant generations of the same tumor cell line. Intratumoral heterogeneity proved to be another source of variation. 36 Serial sections of a single tumor using multiple antigens illustrated intratumoral heterogeneity that would only be detected by experienced morphologists and quantitative analysis of the IHC. analyses were revealing for control tissues such as liver but they did not accurately reflect the biological variation within the three transplant tumor lines. Consequently, a non-parametric approach was chosen to compensate for internal heterogeneity as well as biological and technical variation. Thus, the quantitative data were 'normalized' by rank order within each experiment. The maximum value for each measurement in each individual experiment was compared with all other values for a given parameter within the given experiment to arrive with a weighted mean order. The ordinal rank order comparison is widely used in biology and arguably provided more simplified and coherent, interpretable data comparisons. 38 The individual tumors were relatively small and needed to be divided between molecular and morphological samples with multiple fixatives. Thus, only a limited number of experimental groups (fixatives) could be used in any given experiment. Therefore, NBF and Telly's solution were used in all experiments to establish reproducibility and variance. In one sense, NBF and Telly's became the 'gold standard' for other fixatives. This triage strategy left sufficient 1-2 mm slices for two additional fixatives or, in larger viable tumors, up to six additional fixatives. In most cases, each additional fixative was used at least three times in each of the tumor types. However, the initial trials with five fixatives proved them to be below acceptable standards. The observations on these five fixatives are reported in Supplementary Data but were not incorporated into the final statistical analysis.
Overall, the sum of the data indicates that NBF ranked highest in preservation of both morphology and antigenicity. Using a combination of morphometric and immunohistochemical data and SOPs, NBF was consistently ranked number 1 or 2. NBF was also ranked number 1 when all experimental ranks were aggregated. The combination fixatives, containing both a cross-linker and an alcohol (Telly's and Prefer), were close seconds. The glyoxal-based fixatives (HistoChoice) generally suffered with relatively poor performances in the morphometric categories. All alcohol-based fixatives performed poorly in IHC for ER and PR and resulted in altered morphology. In general, these differences were readily apparent upon empirical inspection by pathologists. However, the magnitude of variation is more accurately documented by QIA.
In a rarely performed comparative study with several optimally processed human breast cancers, the same relative patterns of staining as revealed by the density:intensity graphs were demonstrable, resulting in similar rank orders for the various classes of fixatives. Although the number of available samples limited the statistical analysis, the comparison with the more extensive mouse experiments illustrated the robustness of the approach.
We have created an approach and a database designed to provide testable standards based on SOPs. While the value of quantitative IHC for disease management remains controversial, 42 we believe that this type of rigorous analysis with new technologies, under SOP, is critical to continue advancement in histopathology. 1 This technology can rigorously test whether current standards of analysis have prognostic or predictive clinical or biological significance. We believe that morphometric analysis will become an important tool for comparison of image-based data. Clearly, the use of QIA will facilitate comparisons of fixatives and operational systems from different laboratories. However, these types of morphometric comparisons currently require careful supervision by qualified professionals, and have yet to be fully automated.
